Abstract The environmental impacts of various pollutants on the entire levels of organisms are under investigation. Among these pollutants, endocrine-disrupting compounds (EDCs) present a serious hazard, even though the environmental significance of these compounds remains basically unknown. To drop some light on this field, we assessed the effects of a 11-day exposure of 17α-ethinylestradiol (EE2) on the growth, metabolic content, antioxidant response, oxidative stress, and genetic damage of Dunaliella salina, isolated from Tunisian biotopes. The results showed that at 10 ng L −1 , EE2 could stimulate the growth of D. salina and increase its cellular content of photosynthetic pigments and metabolites;
Introduction
Endocrine-disrupting compounds (EDCs) such us estrone (E1), 17β-estradiol (E2), estriol (E3), and 17α-ethinylestradiol (EE2) are one of the most commonly found in wastewater and are released into the environment through sewage discharge (Belhaj et al. 2015) . With the growing release of EDCs into the aquatic ecosystems in recent years, concerns have been raised about their potential toxicity and danger to aquatic organisms. Caldwell et al. (2012) found that for long-term exposures to steroid estrogens in surface water, the predicted no effect concentrations (PNECs) were 6, 2, 60, and 0.1 ng L −1 for E1, E2, E3, and EE2, respectively, indicating that EE2, a derivative of the natural hormone estradiol, which is commonly used in approximately all current Dalel Belhaj and Khaled Athmouni contributed equally to this work.
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formulations of combined oral contraceptive pills (Aris et al. 2014) , was more toxic to aquatic organisms. In order to protect biological/ecological systems, the study of potential toxic impact imposed by particular chemicals, such EDCs, has become a main concern field in current environmental research. EDCs may cause the overproduction of reactive oxygen species (ROS) leading to disturb the antioxidant balance in aquatic organisms (Sharifi et al. 2012 ) and, eventually, shifting cells redox status. To conflict the hazard posed by ROS, photosynthetic organisms, such as plants and algae, have evolved different antioxidant defense mechanisms. For instance, superoxide dismutase (SOD) plays a significant task in catalyzing the conversion of superoxide (O 2 − ) to hydrogen peroxide (H 2 O 2 ) and oxygen (O 2 ) (Liu and Chen 2014) , and the produced H 2 O 2 is subsequently decomposed by catalase (CAT) and glutathione peroxidase (GPx) (Brandão et al. 2015) . The measurements of various enzymes in microalgae, including SOD and CAT, are becoming increasingly trendy as they suggest swift and sensitive endpoints and are excellent indicators of environmental stresses . If these (among others) control mechanisms are ineffectual in preventing the establishment of an oxidative stress condition, oxidative damage including lipid peroxidation (LPO) of biological membranes, resulting in malondialdehyde (MDA) produced by degradation of initial products from lipid membranes by free radical attack can be likely to occur at different cellular macromolecules, namely DNA, cellular proteins and lipids (Brandão et al. 2015) and, ultimately, cell death (Van Wychen and Laurens 2013a). The analysis of DNA alterations in aquatic organisms are currently the best accepted paradigms to assess the toxicity of diverse environmental contaminants, given that recent facts has shown that many types of chemicals exhibit oxidative and/or genotoxic potential on living organisms such as unicellular algae (Prado et al. 2015) .
In coastal ecosystems, microalgae are a key component of food chains in aquatic environments owing their fundamental contribution to energy conversion and ecosystem food web maintenance. Hence, it is crucial to have early assessment tools for cytotoxic and genotoxic effects at the cellular level, which could lead to disturbance in structure and productivity of the algae community which, in turn, could induce direct structural changes in the rest of the ecosystem (Martinez et al. 2015) . Furthermore, phytoplankton represents an excellent aquatic model for the study of the effects of pollutant exposure at population level (Chen and Walker 2012) , due to a short generation time and high sensitivities. Microalgae have also the potential to absorb lipophilic pollutants, such as EDCs from the aquatic environment (Liu et al. 2010) .
The action of EDCs upon microalgae is frequently evaluated by parameters that integrate and reflect sublethal effects at population level such as growth rate, biomass, chlorophyll fluorescence, and primary production (Pocock and Falk 2014) . Nevertheless, to shed light on such micropollutants since their toxic action, it could be useful to combine the examination of the cellular response, as cell viability, ROS production, with genotoxicity (Suman et al. 2015) . Herein, we studied the genotoxic and cytotoxic effects of EE2 toward Dunaliella salina, green microalgae isolated from the saline waters of Sfax (Tunisia), which serves as a potential source of natural antioxidant (Belghith et al. 2016) . Besides the optimization culture condition and the traditional growth endpoint, several physiological and biochemical parameters were also investigated.
Materials and methods
Microalgae culture conditions D. salina, isolated from solar saltern of Sfax (Tunisia), was grown in 250-mL Erlenmeyer flasks containing 100 mL of a modified Johnson medium (Belghith et al. 2016 ) and cultured in homeothermic incubator with a 14/12-h light/dark cycle.
Experimental and exposure procedures
17α-Ethinylestradiol (EE2) (purity >98%) was purchased from Santa Cruz Biotechnology, Inc. (USA). For the exposure experiments, stock solution of EE2 (33 μg mL ) was prepared in 0.001% (v/v) dimethylsulfoxide (DMSO; Merck, Germany) as EE2 in its original form is not soluble in water (Bell 2001) .
Microalgae cells in early exponential growth phase (2 × 10 6 cells mL −1 ) were exposed to three different concentrations of tested compound (10, 100, and 1000 ng L −1 ) under culture conditions. Pollutant concentrations were selected to observe their potential cytotoxic effects on cultured microalgae cells, not depending of their environmental relevance. To achieve these nominal concentrations, stock solution volume added to the microalga cultures never exceeded 1% of final volume. Another set of flasks containing sterile Johnson medium spiked with 0.001% (v/v) DMSO (no observed effect concentration reported by Quinn et al. (2008) and without EE2, was prepared as the control solvent. After inoculation, the flasks were closed with sterile cotton stoppers and cultured under the same condition as the precultivation for 11 days. All cultures were performed at least three times in triplicate. The flasks were shaken well twice a day and before each sampling.
Sixteen microliters of algal culture was aseptically sampled from each flask every day. The cell number was counted using Malassez Cells under an Olympus BH-2 microscopeat magnification of ×400. Only healthy, pigmented, unbroken cells were counted. The cell number was expressed in terms of 10 6 cells mL Res (2017) 24:7392-7402 The growth inhibition rate was calculated from the formula:
where N is the cell count of treated group, N 0 is the cell count of the control group, and IR is the inhibition ratio.
At the end of the experiment, biomass was harvested by centrifugation at 10,000 rpm for 10 min. The supernatant was discarded, and the pellet was washed with deionized water. The algal pellet was freeze-dried at −20°C until subsequent analysis.
Photosynthetic pigment determination
Pigment contents were carried out spectrophotometrically according to Lichtenthaler and Buschmann (2001) 
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The above pigment contents were expressed as pg cell −1 .
Estimation of primary metabolites: carbohydrate and protein
Soluble protein was extracted with 1 N NaOH at 90°C for 15 min and quantified according to Lowry et al. (1951) . Absorbance was determined at 590°C using albumin as standard. The total amount of simple sugars in the acid hydrolysates was determined by the phenol-sulfuric acid method (Van Wychen and Laurens 2013b) using glucose as a standard.
Estimation of secondary metabolites: total phenolic content and flavonoid
Freeze-dried cells (3.5 g) were extracted with 2 mL of 90% ethanol by sonication for 1 h at room temperature. The aqueous and organic phases were separated by centrifugation for 15 min at 2000 rpm. The supernatant (organic phase) was collected and evaporated to dryness with nitrogen gas under reduced pressure to yield the dry extracts (yield w/w, 12%).
The freshly prepared crude extract of D. salina was subjected to total phenolic content and flavonoid analysis. Total phenolic content of D. salina extract was determined using Folin-Ciocalteu method according to the previous literature with minor modifications, using gallic acid as a standard (Kabir et al. 2015 ). An aliquot of 0.5 mL of the algae extract (100 μg mL −1 ) was reacted with 2 mL of 10% (v/v) FolinCiocalteu reagent and 2 mL of 7.5% (v/v) sodium bicarbonate solution in triplicates. Behind 1 h of incubation at 40°C, absorbance of each reaction mixture was recorded at 765 nm spectrophotometrically. The total phenolic content was expressed as milligram gallic acid equivalent per gram biomass dry weight (mg GAE g −1 dry weight (DW)).
Flavonoid content was determined by following colorimetric method (Chang et al. 2002) with simple modification. Briefly, 20 μL of extract were mixed with 20 μL of 10% aluminum chloride, 20 μL of 1 M potassium acetate, and 180 μL of distilled water, and left at room temperature for 30 min. The absorbance of the reaction was recorded at 415 nm. The calibration curve was prepared by using catechin methanolic solution at concentrations of 0.05 to 0.5 μg mL 
In vitro antioxidant activity assay
The antioxidant activity of the extracts was determined by method of scavenging ability on ABTS radical cation and compared with the activity of synthetic antioxidants used in food and cosmetic industries: the BHT and vitamin C. ABTS-scavenging activity was determined according to the modified methodology previously reported by Özgen et al. (2006) . ABTS was generated by reacting ABTS stock solution (7 mM in 20 mM sodium acetate buffer, pH 4.5) with an oxidant (2.45 mM potassium persulfate) and left for 24 h in the dark (4°C). The next day, ABTS working solution was obtained by dilution to an absorbance of 0.70 ± 0.01 at 734 nm. Subsequently, reaction mixtures containing 20 μL of sample and 3 mL of reagent were incubated in a water bath at 30°C for 30 min. As unpaired electrons are sequestered by antioxidants in the sample, the test solution turns colorless and the absorbance at 734 nm is reduced. The final result was expressed as mM of Trolox equivalents (TE) per gram DW.
Oxidative stress biomarkers: hydrogen peroxide, lipid peroxidation, and DNA damage H 2 O 2 level was determinate according to Velikova et al. (2000) . Freeze-dried biomass (0.5 mg) was homogenized in 0.1% (v/v) trichloroacetic acid (TCA) solution and subsequently centrifuged at 10,000 rpm for 10 min. Supernatant (0.5 mL) was mixed with 0.5 mL of 10 mM phosphate buffer (pH 7.0) and 1 mL of 1 M KI. Absorbance was recorded at 390 nm, and the H 2 O 2 level was calculated using a standard curve. H 2 O 2 content was expressed as μmol H 2 O 2 g −1 fresh weight (FW). The levels of lipid peroxidation in microalgae were estimated by the content of the thiobarbituric acid reactive substances (TBARS) expressed as nM of MDA equivalents per milligram of protein, which is a product of lipoperoxidation. TBARS content was determined by the thiobarbituric acid (TBA) reaction as described by Buege and Aust (1978) . This methodology is based on the reaction of compounds such as MDA formed by degradation of initial products of free radical attack, with 2-TBA.
DNA damage was measured by a BDNA precipitationâ ssay, based on the K-SDS precipitation of DNA-protein cross link, which uses fluorescence to quantify the DNA strands (Gagné et al. 1995) . Fluorescence reading was taken at 260 nm (excitation) and 280 nm (emission). Results were expressed as ng DNA mg −1 total protein.
Antioxidant enzyme activities

Enzyme extraction
Antioxidant enzyme activities of microalgae were determined spectrophotometrically. The algal pellets obtained as described above were resuspended in phosphate buffer solution (PBS; pH 7.4) containing 0.1 mM ethylenediaminetetraacetic acid (EDTA), 1 mM phenylmethylsulfonyl fluoride, and 3.75% polyvinylpyrolidone (PVP). Cells were physically disrupted though three cycles of freezing (−80°C) and thawing at room temperature. Broken cells were centrifuged at 10,000 rpm for 20 min at 0°C. Subsequently, the pellet was discarded and the supernatant was used for the quantification of SOD, CAT, and GPx activities. All enzymatic activities were determined in triplicate.
Superoxide dismutase
Superoxide dismutase activity was measured by the nitro blue tetrazolium reduction method of Beauchamp and Fridovich (1971) . In this assay, one unit of SOD is defined as amount required inhibiting the photoreduction of NBT by 50%. Riboflavin (0.26 mM) was added to start the reaction, and the absorbance was recorded at λ = 560 nm for 20 min. The activity was expressed as units per milligram of proteins (U mg −1 protein).
Catalase
CAT activity was assessed by the procedure described by Aebi (1984) . CAT activity was quantified based on the degradation rate of H 2 O 2 , monitored at 240 nm for 5 min. The results were expressed by considering that one unit of activity equals the number of moles of H 2 O 2 degraded per minute per milligram of protein (U mg −1 protein).
Glutathione peroxidase
Glutathione peroxidase (GPx) activity was determined by the method of Flohé and Günzler (1984) . Quantification of enzymatic activity was performed by the measurement of the consumption of GSH at a wavelength of 412 nm every 2 min for 10 min, using DTNB as a substrate for the reaction. Enzymatic activity was expressed as nanomoles of reduced GSH per m i n u t e p e r m i l l i g r a m o f p r o t e i n ( n M r e d u c e d GSH min −1 mg −1 protein).
Fatty acid methyl esters
Fatty acids profile in D. salina was determined by gas chromatography-mass spectrometry (GC-MS) after direct trans-esterification. Briefly, the microalgae was suspended in 2 mL 0.5 M H 2 SO 4 − methanol solution, 1 mL 5% BHT-methanol solution (a synthetic antioxidant which protect fatty acids), and 20 μg of C17:0 as internal standard (Sigma-Aldrich, USA), the mixture was then heated 80°C for 60 min. After cooling, the fatty acid methyl esters (FAMEs) were extracted with 2 mL n-hexane, vortexed, and then centrifuged at 4000 rpm for 5 min. The n-hexane layer was transferred to a vial. The prepared sample was analyzed by GC (Hewlett-Packard 6890 Series, Agilent Technology) equipped with a mass spectrometer (Hewlett-Packard 5973 Mass Selective Detector, Agilent Technology) with fused silica capillary column HP-Innowax (thickness 0.25 μm, i.d. 0.25 μm, length 60 m, Agilent Technology). The injection volume was 1 μL at a split ratio of 10/1. The initial oven temperature was 100°C held for 2 min and then increased by 10°C min −1 to 260°C and held for 2 min. The temperatures of the injector port and the FID-detector were set at 260 and 290°C, respectively. Helium was used as carrier gas at a flow rate of 1.07 mL min −1 . Identification of components was assigned by matching their mass spectra with Wiley mass spectral library data.
Statistical analysis
The experiments were done in triplicate. Data were expressed as mean ± SD. One-way analysis of variance (ANOVA) is used to determine the differences among various groups. Values were considered statistically significant when P < 0.05.
Results and discussions
Effect of EE2 on growth and photosynthetic pigments of D. salina
To investigate the potential effects of EE2 hormone on the marine nanophytoplankton, an algae growth inhibition test was conducted by using D. salina as a model organism. This is the firstly systematic study focusing on the interaction of EE2 and D. salina. During the 11-day exposure, the growth of D. salina (measured as cell density) was significantly inhibited at 100 and 1000 ng L −1 , exhibiting a typical concentration-response curve, while exposure to 0.001% DMSO showed no effect compared to the control (Fig. 1a) . Compared to the control, EE2 concentrations of 100 and 1000 ng L −1 resulted in growth inhibition rates of 35.26 and 51.03%, respectively, after 11 days of exposure. High EE2 concentrations inhibited the growth, possibly because the concentration of EE2 exceeded the tolerance limit of microalgae cells, causing the cell structure to crack and disintegrate; in this situation, the cells would be in a state of negative growth, following in the growth not being completely restored (Nie et al. 2008 ). However, low concentration of EE2 (10 ng L −1
) has no inhibition effect on D. salina during the entire exposure period (Fig. 1b) . In the present study, no significant difference (P > 0.05) in kinetic growth was found in control and low concentration of EE2.
The lowest EE2 concentration may promote the growth of D. salina, possibly due to the promotion of certain enzymes involved in physiological and biochemical reactions at certain EE2 concentrations. Furthermore, it is possible that the studied microalgae partially degraded and absorbed EE2 as nutrients instead of toxic xenobiotic, which allow plant cells to maintain accurate homeostatic regulation of intracellular xenobiotic levels. Thus, EE2 had a dual effect (promotion and inhibition) on the growth of D. salina, possibly causing hormesis in these microalgae. Fong and Ford (2014) also found that hormesis is a no monotonic dose-response relationship characterized by low dose stimulation and high dose inhibition. Moreover, several studies have indicated that a variety of environmental contaminants including heavy metals, hydrocarbon, auxin, and herbicides can cause hormesis on animals, higher plants, and bacteria, which can lead to adaptation (Liu et al. 2012 ). Yet, the physiological mechanism by which hormesis occurs is still unknown.
Nevertheless, the evidence for a real physiological and developmental role of EE2 in algae is restricted and indecisive. Chlorophylls play a key role in all aspects of primary photosynthesis including harvesting, energy transfer, and light energy conversion. Photosynthetic pigments constitute potential biomarkers of anthropogenic stress (Zezulka et al. 2013) . To further understand the effects of EE2 on photosynthesis, photosynthetic pigments were quantified at the end of the assay (11 days). Similar trends were observed (Table 1) . Chlorophyll a and chlorophyll b were significantly reduced by EE2 treatments of 100 and 1000 ng L −1 over the entire exposure period (P < 0.05). This reduction of chlorophyll contents is a stress response of this green microalga. Our study indicated that this xenobiotic inhibited chlorophyll biosynthesis of D. salina and that the thylakoid may be a target site of EE2 of D. salina (Hu et al. 2004 ). The results of our investigation are consistent with the observation by Pocock and Falk (2014) , who reported that the photosynthetic activity of Chlamydomonas reinhardtii was significantly inhibited after EE2 exposure. This implied that EE2 reduced the maximum photochemical efficiency for electron transport in photosystem II, which indicates the involvement of carbonic anhydrase, specifically located in the thylakoid lumen involved in proton pumping across the thylakoid membranes.
In contrast, at 10 ng L −1 of EE2, chlorophyll contents increased significantly (P < 0.05) compared to the control. Carotenoids can perform an essential role in photoprotection by quenching the triplet chlorophyll and scavenging singlet oxygen and other reactive oxygen species (Singh et al. 2010) . In this study, the total carotenoids content increased by EE2 treatments of 10 and 100 ng L −1 , then decreased at the highest EE2 concentration (1000 ng L −1 ).
This observation suggested that cells increase carotenoid contents to overcome oxidative stress induced by singlet oxygen, similar to SOD activity increase discussed above (Fig. 4) .
Primary metabolite composition
The levels of primary metabolites in D. salina were determined in all treatments exposed to different EE2 concentrations (Fig. 2) . Exposure to control and DMSO (0.001% v/v) had no significant differences (P > 0.05). Upon low EE2 concentration (10 ng L −1
), the production of protein was not affected, suggesting that the target xenobiotic at environmental relevant concentration was not suspected to influence the nutritional value of the diatom, which was one of important food sources for crustaceans and fish. For the higher EE2 concentrations (100 and 1000 ng L −1 ), the amount of total protein increased significantly (P < 0.05) to reach 23.8 ± 0.9 and 21.41 ± 0.58, respectively. Likewise, the carbohydrate increased with the increase of EE2 concentration. This increase of this primary metabolite at the highest concentrations may be the result of the organisms' responses to unfavorable conditions by degrading protein to provide amino acids for the synthesis of a small number of so-called stress proteins, designated heat stock proteins (HSPs), to complement more suitable for growth (Rasool et al. 2013) . In this regard, under salinity stress, downregulation of genes involved in primary metabolism and protein synthesis as well as activation of genes related to autophagy and protein degradation has been observed in higher plant and microalgae.
Similar to proteins, EE2 stress significantly (P < 0.05) reduced the cellular carbohydrate levels in this green microalga. The increase in carbohydrate levels in D. salina could be the result of an exclusion process exhibited as defense mechanisms. In fact, algae divert the synthesis of carbohydrates to produce secondary metabolites that protect against oxidative stress generated by the presence of pollutants. Faced with these environmental challenges, microalgae species elaborate a variety of protective secondary metabolites, especially those that protect against the oxidative stress generated by the presence of xenobiotics. Polyphenols represent a group of chemical compounds arising from a common intermediate, phenylalanine, or a close precursor, shikimic acid (Rodrigo et al. 2014) . Flavonoids are a class of phenolic metabolites that have significant antioxidant (Rodrigo et al. 2014) . Table 2 shows effects of EE2 exposure of secondary metabolites and antioxidant activity of D. salina. Results of secondary metabolites and antioxidative capacity measured at the end of the assay (11 days), indicated that D. salina exposed to control and those to DMSO (0.001% v/v) had no significant differences (P > 0.05). The phenolic content of D. salina increases with the EE2 concentration and reach a maximum of 37.50 ± 6.04 mg GAE g −1 mg DW. The flavonoid content varied similarly to the phenolic content, varying from 15.97 ± 3.08 mg quercetin equivalent (QEq) g −1 DW for the control to 18.54 ± 6.04 mg QEq g −1 DW at 1000 ng EE2 L −1 . Our results showed that the phenolic and flavonoid contents in this microalga decreased with increasing EE2 concentrations. This raise is explained by the fact these molecules contributed to protect the cells against the environmental pollution caused by the presence of EE2 in the medium. Most of these biomolecules make a significant contribution to the antioxidant activity of aquatic plants (Ferrat et al. 2003) .
The antioxidant activity of D. salina was estimated through the ABTS
•+ scavenging test which varied in the same way as the other secondary metabolites ( Table 2 ). The ABTS scavenging capacity significantly increased at higher EE2 concentrations (P < 0.05) and reached a maximum of 0.218 ± 0.011 mM TEq g −1 DW and subsequently significantly decreased at 1000 ng L −1 (0.139 ± 0.015 mM TEq g −1 DW). This response was in accordance with previous work, indicating a positive correlation between nonenzymatic antioxidant, including phenolic compounds and flavonoids, and antioxidant activity (Belghith et al. 2016) .
Peroxidative damage and antioxidant responses
Under stress conditions, microalgae produce various ROS such as H 2 O 2 , O 2
•−
, and OH
•
. These reactive oxygen species are highly toxic and damage protein, lipid, DNA, and other cellular macromolecules, thereby inhibiting the cell growth and ultimately leading to cell death. Results of peroxidative damage expressed as H 2 O 2 , lipid peroxidation (TBARS), and DNA damage indicated that D. salina exposed to control and DMSO (0.001% v/v) had no significant differences (P > 0.05) (Fig. 3) . EE2 induced oxidative stress, which was indicated by the significant increase of H 2 O 2 and MDA measured at 100 and 1000 ng L −1 concentrations (P < 0.05). This stimulant xenobiotic produced toxic effects in D. salina (Fig. 3a, b ). In addition, the H 2 O 2 was strongly enhanced and the antioxidant enzyme activities were not adequate to scavenge ROS and prevent the photooxidation caused by high EE2 concentrations; thus, the intracellular overaccumulation of H 2 O 2 affected membrane permeability; generated oxidative damage to biomolecules such as chloroplast pigments, nucleic acids, and membrane lipids (Yang et al. 2013 ) were observed. The response of D. salina was agreement with hormesis, a doseresponse phenomenon characterized by a low-dose stimulation and high-dose inhibition (Fong and Ford 2014) .
Significant oxidative stress was observed at high concentrations which could lead to DNA damage; nevertheless, DNA damage was not observed (Fig. 3c) . Even though oxidative stress can lead to permanent damage related to DNA strand breaks (Prado et al. 2015) , the results from this study indicated that EE2 did not produce genotoxicity; this could be due to the fact that during 11 days of exposure, EE2 was not able to produce an irreversible damage, or that fortunately efficiency of non enzymatic antioxidant responses to prevent severe damage. Significantly decrease of DNA damage was observed for the lowest EE2 concentration (10 ng L −1 ), and thus, they were dose-response relationship. In contrast, previous studies observed that EE2 caused oxidative DNA damage in fish (Zhu et al. 2011) , amphipods (Maranho et al. 2015) , and larvae (Schwaiger et al. 2000) . Bioaccumulation study on the microalgae indicated a significant contribution from diatom (2017) 24:7392-7402 to the uptake of EE2 (Liu et al. 2010) . Their results suggested that EE2 would accumulate within the algae cell and pose threats to organisms at higher tropic levels. Highly accumulated ROS in the cells are neutralized by various antioxidative enzymes such as SOD, CAT, and GPx. The toxic effects of organic pollutants on microalgae are heterogeneous, and antioxidant systems are extremely important for understanding the antioxidant defense mechanisms caused by oxidative stress via the formation of ROS. Many studies have confirmed that most antioxidant enzymes activities increased under stress conditions. Liu et al. 2012 pointed out that the activities of SOD, CAT, and POD increased obviously in M. aeruginosa exposed to amoxicillin. Figure 4 shows the effects of EE2 on the antioxidant enzyme activities in D. salina. SOD, CAT, and GPx activities of DMSO-treated group and low level (10 ng L −1 ) of EE2 changed slightly compared to control, which showed no significant difference during the 11 days of exposure. Though highest concentration of EE2 significantly (P < 0.05) induced the SOD activity with increases of 37.68% (Fig. 5a ). The increased SOD activity may be attributed to the overproduction of superoxide, which is considered to be the central component of signal transduction, resulting in the activation of existing enzyme pools or the increased expression of genes that encode SOD (Xie et al. 2011) . Different from the above enzyme, CAT and GPx activities showed a decrease of 25 and 0.42%, respectively, compared to the control at the highest concentration of EE2 (Fig. 4b, c) . Consecutively, the CAT activity was significantly suppressed by high EE2 concentrations. The decline of CAT activity could be attributed to the high amount of hydrogen peroxide generated through the SOD catalytic reaction (Fig. 4a) , and the residual hydrogen peroxide might cause oxidative damage to the algal cells leading to growth inhibition (Fig. 1b) . Decrease of GPx activity reflects that in the present experiment, D. salina were under oxidative stress as a result of exposure to prooxidant chemicals. GPx enzymatic activity is efficient at protecting against damage caused by LPO (Brandão et al. 2015) .
Fatty acid composition
Fatty acid compositions of D. salina under different EE2 concentrations were determined by GC-MS analysis and summarized in Table 3 . The most commonly synthesized fatty acids were C16 and C18 which are appropriate for biodiesel production. Palmitic acid (C16:0), linoleic acid (C18:2), and linolenic acid (C18:3) were the most abundant fatty acids found in D. salina, comprising 32.91, 28.59, and 12.37% of total fatty acids in control (Table 3) . DMSO (0.001% v/v) and low EE2 concentration (10 ng L −1
) had no effects on fatty acid profile. However, distinct changes were clearly found under high EE2 concentrations that the sum of saturated fatty acids (SFAs) and monounsaturated fatty acids (MUFAs) increased from 36.18 to 50.46% and 11.04 to 31.44%, respectively, accompanying with the decrease of polyunsaturated fatty acids (PUFAs). Thus, LPO is an important consequence of oxidative stress ; in this sense, D. salina exposed to high EE2 concentrations (100 and 1000 ng L −1 ) exhibited a significant rise in LPO levels measured as MDA content (Fig. 3b) , induced saturation of fatty acids by increasing SFA and MUFA levels and decreasing PUFA levels (Fig. 2, supplemental section) . According to previous reports, high levels of SFA and MUFA combined with low level of PUFA are essential for biodiesel (Ben Moussa-Dahmen et al. 2016) . The appearance of new components C19:0, C21:0, and C23:0 (Table 3) indicates that EE2 can affect the composition of the cell membrane.
Conclusions
In summary, EE2 inhibited the growth of D. salina at high levels but stimulated growth at relatively low concentration. High EE2 concentrations decreased the cellular content of photosynthetic pigments, stimulated the mechanism related to metabolic content production, as well as antioxidant mechanisms by increasing the SOD activity. In contrast, CAT and GPx activities were not induced. Nevertheless, the antioxidant enzymes was not enough to degrade the overproduction of H 2 O 2 , leading to lipid peroxidation occurrence. Moreover, EE2 did not cause genotoxicity. Additional information is required before biomarker responses can be understood properly. Hence, further studies on molecular indicators should be elucidated.
